To screen genetically for boundary activities, we constructed a yeast "boundary-trap" strain (K. Ishii and U.K. Various structural and biochemical studies of the cell nucleus presage the existence of tethers that somehow Laemmli, submitted). For this approach, two selectable genes were inserted into the silenced mating-type locus impose its organization. One important notion supporting nuclear tethers is the confinement of chromosomes HML of budding yeast, a locus that shares molecular features with metazoan heterochromatin such that ininto relatively discrete nuclear territories and biochemical/structural studies that provide evidence for chromaserted genes are epigenetically repressed (Loo and Rine, 1995). Synthetic DNA binding sites for chimeric tin loops (reviewed in Cremer and Cremer, 2001; Hart and Laemmli, 1998). Despite a wealth of structural and proteins flank one of the inserted genes. This boundarytrap strain adopts different expression states depending biochemical information, mechanisms whereby nuclear order is brought about and dynamically altered remain on whether genuine boundary proteins that block spreading of heterochromatin or transcription activators enigmatic. We have undertaken a genetic-functional approach to address this mystery, based on the assumpare targeted to its cis-acting elements (K. Ishii and U.K. Laemmli, submitted). Here, we present a genetic screen tion that the activity of the chromatin boundary/insulator elements may mechanistically be linked to nuclear obtained with a targeted yeast genomic library. Interestingly, a class of boundary activities was identified that structure.
and upstream of promoters can readily activate silenced boundary-trap tool suitable for genetic screening. Togenes (Aparicio and Gottschling, 1994; Sekinger and ward this end, KIY54 was transformed with a Gbd-fused Gross, 2001). yeast genomic library and scored for colonies that grow The boundary-trap reporter KIY54 was found to be on double-selection plates. Many of the plasmids recovsuitable for this purpose (K. Ishii and U.K. Laemmli, subered from such colonies express genuine BAs that could mitted). Briefly, it contains two selectable markers (ADE2 be grouped into different functional classes. One interand URA3) inserted between the E and I silencers of the esting class, discussed here, mechanically links chro-HML locus ( Figure 1A ). At this heterochromatic locus, matin boundaries to nuclear structure. both genes are silenced due to the Sir protein complexes, which spread from the E and I silencer elements Various Proteins Involved in Nuclear Transport along the chromatin fiber (Loo and Rine, 1995) . The
Harbor Robust Boundary Activity ADE2 reporter was flanked by UASg elements that interSeveral proteins with a strong BA were identified by act specifically with the DNA binding domain of Gal4 genetic screening that are involved in the transport of (Gbd). macromolecules between the nucleus and the cytoReporter strain KIY54 adopts three main expression plasm (termed transportins here, reviewed in Gorlich states as cartooned in Figure 1A belong to the importin ␤ superfamily but is also involved are in an ON/OFF state. This is experimentally maniin RNA export, particularly for mRNA (Segref et al., 1997 exportins establishes a physiological state that somemolecular bulk scenario is the finding that any member of this complex, fused to the Gbd domain for targeting, how specifically protects ADE2 from silencing.
Is the BA mediated by sheer "molecular bulk," where can mediate the BA ( Figure 1C ). Hence, it suffices to target the Cse1p export complex to the UASg to block spreading of heterochromatin is nonspecifically blocked by the size of the transport complexes? The export comepigenetic silencing of ADE2. But do the transport complexes need to be intact? We plex of Cse1p, for example, includes Srp1p (importin ␣) and Ran/GTP (Gsp1p or Gsp2p). Possibly supporting a proceeded to address this question by experimentally The cellular position of Cse1p C-terminal fragments tagged with GFP was determined by fluorescence microcopy. Note that the construct Gbd-Cse1 474-960 -GFP, which harbors a boundary activity (BA active), is predominantly bound to the nuclear rim. In contrast, deletion derivatives (Gbd-Cse1 474-912 -GFP and Gbd-Cse1 659-960 -GFP), which lack activity (BA inactive), localize to the nuclear lumen. Note that these GFP constructs were expressed in strain KIY54 whose UASg sites at HML must also bind these proteins. The low abundance of these binding sites (eight sites), however, precludes that this interaction is optically detected from the bulk location of the Cse1p constructs.
quires interaction with Ran/GTP (Mattaj and Englmeier, 1998), it is unlikely that the small C-terminal domains of Cse1p and Los1p, which bear the BA, support formation of the bulky export complex. These observations argue against a molecular bulk model to account for the selective loss of a heterochromatin structure between the cis-acting UASg sites. Moreover, if this model were to apply, then genetic screening should have yielded other unrelated protein complexes bearing a BA. What then is the common molecular mechanism for the BA of this family? ) was also completely lost in a ⌬nup2 strain. A concern about the finding above is that the loss of boundary function in ⌬nup2 might be indirect, perhaps caused by a perturbed transport despite normal cell growth. To address this question, we asked whether targeting Nup2p directly to the UASg of the HML reporter could establish a BA directly in the wild-type KIY54 strain. Indeed, the data show that full-length Nup2p mediates good blocking activity (Gbd-Nup2 Figure 7B . Examination of Figure 7A shows that the LacO dot of this cell expressing plex (NPC). Interestingly, previous theoretical speculations have assigned different structural and functional GFP-Cse1
474-960
-LacI is generally tethered to the nuclear rim with only a single visit to the nuclear interior (row roles to the NPC in the biology of the nucleus (Blobel, 1985) . 4). Curiously, we noted in such time-lapse movies that the LacO foci of such cells appear sometimes at the Genetic screening for such boundary activities conspicuously identified a family of proteins (transportins) exterior of the nuclear rim (bottom row, Figure 7A ). This observation raises the intriguing question of whether a implicated in the transport of various cargoes between the nucleus and the cytoplasm. Undoubtedly, a striking chromatin section can visit the cytoplasm. Figure 7B shows that the LacO dot is generally nucleoplasmic in and unexpected finding was that different members of the transportin family could mediate boundary function. cells expressing GFP-LacI, although frequent transient interactions with the nuclear rim can also be observed.
Nonetheless, a congruent series of genetic experiments, in vitro and in vivo localization, and biochemical studies Note that Gasser's laboratory has studied in a different are nicely consistent with a single molecular mechaturally different transportins can mediate a BA. The strongest evidence for this molecular scheme is that the nism. Namely, that transportins block the propagation BA of all transportins, but not that of BEAF, depends of heterochromatin by direct or indirect tethering of the on Nup2p. Nup2p is predominantly associated with the cis-acting boundary elements to the Nup2p receptor of inner NPC basket where it serves as a receptor for Cse1p the NPC basket. and probably other proteins. In a ⌬nup2 strain, Cse1p is no longer NPC bound but is predominantly distributed Diagnostic Epigenetic States throughout the nucleoplasm (Hood et al., 2000) . This for Boundary Proteins redistribution and loss of NPC interaction in a ⌬nup2 The genetic screen was carried out with the boundarystrain most likely leads to the loss of the BA of Cse1p. trap strain KIY54, whose powerful screening potential Perfectly in line with this interpretation is the finding that is based on its low background and its differential epigeassociation with the nuclear rim and boundary activity netic expression states, depending on whether its UASg of the GFP-tagged Cse1p comap precisely to the same sites are occupied by BAs or TAs (Figure 1) . To approach C-terminal fragment (Figure 3) . mechanistic questions about boundary function, we To our knowledge, there is no clear evidence that consider it crucial to know whether a protein overcomes Los1p and Mex67p are displaced from the nuclear rim in silencing by a BA (heterochromatin blocking) or a TA. a ⌬nup2 strain and that RNA export is affected. Current While in the former case a molecularly ill-defined phethinking suggests that transport complexes ratchet nomenon is studied, in the latter case, a simple molecualong various NPC sites during translocation, probably lar competition between silencing and "nonsilencing" following an interaction affinity gradient (Ribbeck and factors may occur. Moreover, we argue that an experiGorlich, 2001). Although the BA of all transportins is mental focus on heterochromatin blocking will more dependent on Nup2p, this protein could be a facultative likely identify novel functions related to nuclear order. ratchet site for translocation of some complexes (e.g., Boundary activities targeted to the UASg of KIY54 those required for RNA export), but it might be the only establish a nonsilenced minidomain around ADE2 (ϭON) NPC anchor that can block propagation of heterochrowhile maintaining the flanking regions in a repressed matin. Indeed, targeting Nsp1p and Nup1p, which funcstate (URA3 ϭ OFF). This ON/OFF epigenetic state must tionally overlap with Nup2p, to the HML reporter did not stochastically be established in a fraction of cells by the result in a significant BA (data not shown). targeted BAs and then propagated during growth. The Foremost, the NPC tethering model is supported by number of ON/OFF cells varies, ranging from 30% for the observation that Nup2p itself can directly mediate the strongest boundary proteins (Cse1p, Los1p, and a BA if it is targeted to the UASg sites of KIY54. ConseMex67p) to 5% for the weaker activities (Nup2p). This quently, heterochromatin blocking can occur by direct percentage number must depend on the relative boundor indirect interactions, a conclusion supported by our ary potential of a given protein, but also must be govobservation that every member of the Cse1p export erned by parameters such as expression levels, protein complex (Cse1p, Srp1p, or Gsp2p) can exert a BA if turnover, strength of DNA and protein association, and fused to the Gbd DNA binding domain. Hence, it is unrelative cellular toxicity of the expressed protein.
likely that the BA is an intrinsic property of these transPrevious studies have identified in Saccharomyces portins, but rather that it is exerted by NPC tethering cerevisiae certain upstream activating sequences, involving Nup2p. A recent important study by Corces' laboratory has suggested that the boundary function of the suppressor of Hairy-wing may be exerted by tethering (Gerasimova  et al., 2000) . Immunofluorescence studies indicated that a DNA sequence normally located inside the nucleus appears to move to the periphery when the gypsy insulator was placed within the sequence. It will be of great interest to dissect the molecular details of this relocalization and to ask whether it implicates interactions with the NPC.
It is important to point out that NPC anchoring is only one of the mechanisms whereby boundary functions can be exerted. By way of example, the BA of BEAF is not dependent on NUP2, and GFP-tagging studies showed that this protein is not associated with the NPC in yeast (K. Ishii and U.K. Laemmli, submitted). 
